Antimicrobial peptides have established an important role in the defense against extracellular infections, but the expression of cationic peptides within macrophages as an antibacterial effector mechanism against intracellular pathogens has not been demonstrated. Macrophage expression of the murine cathelicidin-related antimicrobial peptide (CRAMP) was increased after infection by the intracellular pathogen Salmonella typhimurium, and this increase required reactive oxygen intermediates. By using CRAMP-deficient mice or synthetic CRAMP peptide, we found that CRAMP impaired Salmonella cell division in vivo and in vitro, resulting in long filamentous bacteria. This impaired bacterial cell division also depended on intracellular elastase-like serine protease activity, which can proteolytically activate cathelicidins. Macrophage serine protease activity induced filamentation and enhanced the activity of CRAMP in vitro. A peptidesensitive Salmonella mutant showed enhanced survival within macrophages derived from CRAMP-deficient mice, indicating that Salmonella can sense and respond to cationic peptides in the intracellular environment. Although cationic peptides have been hypothesized to have activity against pathogens within macrophages, this work provides experimental evidence that the antimicrobial arsenal of macrophages includes cathelicidins. These results show that intracellular reactive oxygen intermediates and proteases regulate macrophage CRAMP expression and activity to impair the replication of an intracellular bacterial pathogen, and they highlight the cooperativity between macrophage antibacterial effectors.
M
acrophages comprise an essential part of the innate immune response to bacterial infections (1) . Because macrophages are highly phagocytic and are actively targeted by pathogenic bacteria, they must have effective mechanisms either for killing bacteria or controlling their replication to avoid becoming a reservoir of infection. Salmonella typhimurium is a bacterial pathogen that resides within murine splenic and liver macrophages (2, 3) , causing in susceptible mice systemic disease resembling typhoid fever in humans. This pathogen counters macrophage antibacterial effectors with acid tolerance and perturbation of endosomal trafficking, to avoid oxidative and nitrosative damage and phagolysosomal degradation (4, 5) . We have observed that macrophages impair cell division of intracellular S. typhimurium, resulting in the formation of filamentous bacteria with arrested septation (6) . This morphology indicates a bacterial stress response and has been observed in bacteria responding to damage from low doses of antibiotics, starvation, and reactive oxygen and nitrogen species (7) (8) (9) . We have shown previously that macrophages use a phagocyte oxidase (phox)-dependent and inducible NO synthase-independent mechanism to impair Salmonella cell division. Because S. typhimurium diverts the phox to minimize direct damage by reactive oxygen intermediates (ROIs) (4), we hypothesized that these ROIs impair bacterial cell division by regulating a previously uncharacterized antimicrobial effector mechanism(s).
Macrophages possess a variety of intracellular proteases, some of which are secreted whereas others show activity within a phagolysosomal compartment. Studies using knock-out mice have shown that the proteases neutrophil elastase and cathepsin G have important antibacterial activities within neutrophils (10, 11) , but a role for macrophage proteases during bacterial infection has not been reported. In addition to a direct microbicidal role (12) , proteases with elastase-like specificities proteolytically activate members of the cathelicidin family of cationic peptides, which are synthesized as inactive proproteins (13, 14) . Mice express cathelicidin-related antimicrobial peptide (CRAMP), a cationic ␣-helical peptide with antimicrobial activity against Gram-positive and Gram-negative bacteria in vitro (reviewed in ref. 13) . CRAMP expression by keratinocytes mediates control of bacterial skin infection by group A Streptococcus (15) . Whereas alveolar macrophages express defensins, another class of antimicrobial peptides, macrophage expression of cathelicidins, has not been reported (16, 17) .
S. typhimurium resists damage by cationic peptides in vitro by modifying their lipopolysaccharide (LPS) structure by using members of the PhoP-PhoQ regulon (refs. 18-21 and reviewed in ref. 22 ). PhoP null mutants, which are more susceptible to peptides in vitro (20) , exhibit decreased virulence in mice (23) . It is of interest to determine whether murine macrophages use cationic peptides such as CRAMP to control Salmonella replication because these cells provide an intracellular niche for S. typhimurium within secondary lymphoid organs. This study examined whether macrophages use proteases and cationic peptides to limit replication of an intracellular bacterial pathogen. , and strains expressing pFPV25.1-GFP (S. Meresse, Marseille, France, and S. Falkow, Stanford University) were cultured as described (6) . Strains in a SL1344 background were used unless indicated otherwise in the text. Bone marrow was isolated from the femurs of BALB͞c (The Jackson Laboratory), 129͞SVJ, or Cnlp L-glutamine͞1 mM sodium pyruvate͞30% L cell-conditioned media at 37°C in 5% CO 2 . Bone marrow-derived macrophages (BMDM) treated with chemical inhibitors were examined for cell death by propidium iodide, 7-amino-actinomycin D, and terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling staining and death was Ͻ10%.
Materials and Methods
Reagents. After infection, macrophages were treated with inhibitors at the following concentrations: 4 M diphenyleneiodonium (DPI; Sigma), 250 M acetovanillone (apocynin; Aldrich), 30 mM N-acetyl cysteine (Sigma), 100 M 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF; Calbiochem), 25 M elastatinal (Calbiochem), 100 M methoxysuccinyl (MeOSuc)-Ala-AlaPro-Ala-chloromethylketone (CMK; human neutrophil elastase inhibitor; Calbiochem), 100 M MeOSuc-Ala-Ala-Pro-Val-CMK (human leukocyte elastase inhibitor; Calbiochem). The complete mini EDTA-free protease inhibitor mixture was used according to the manufacturer's instructions (Roche Diagnostics, Laval, Quebec). Control cells were treated with equivalent volumes of DMSO per ml of media. Human neutrophil elastase (Calbiochem) and MeOSuc-Ala-Ala-Pro-Val-para-nitroaniline (Colorimetric elastase substrate I; Calbiochem) were used for zymograms. CRAMP peptide, corresponding to the mature C-terminal 34-aa peptide, was synthesized according to methods published by the Protein Services Laboratory at the University of British Columbia.
Infection Conditions. For immunof luorescence and colonyforming unit (cfu) experiments, BMDM were seeded in 24-well plates (1 ϫ 10 5 cells per well) and infected with S. typhimurium for 20 min, as described (6) . Monolayers were washed with PBS, incubated in media containing 100 g͞ml gentamicin (Sigma) for 1.5 h, and maintained with 10 g͞ml gentamicin. Intracellular survival and͞or replication of S. typhimurium was determined by using the gentamicin-resistance assay (6).
Immunofluorescence. Immunof luorescence staining was performed as described (6) by using rabbit anti-S. typhimurium LPS Ab (1:200) (Difco) without permeabilization to detect extracellular bacteria, a specific polyclonal rabbit anti-CRAMP Ab (1:150 dilution) (24) in the presence of 0.2% saponin, and an Alexa 568 mouse anti-rabbit Ab (1:200 to 1:400 dilution) (Molecular Probes). Bacteria were scored as ''filamentous'' when they were intracellular and more than three times longer than a typical bacterium (approximately Ͼ5 m). To assess protease activity, BMDM were incubated with 10 M carbobenzyloxyAla-Ala-Ala-Ala-rhodamine 110 (Calbiochem) for the last 2 h of infection. Confocal sections of 0.1-m thickness were assembled into flat projections by using IMAGE software (Version 1.63; National Institutes of Health, Bethesda).
Flow Cytometry. BMDM were blocked and permeabilized on ice with 0.2% saponin (Sigma) and 2% FBS, and they were stained sequentially with rabbit anti-CRAMP Ab (1:150) and goat anti-rabbit phycoerythrin secondary Ab (1:200). Flow cytometry was performed by using a FACSCalibur fluorescence-activated cell sorter with CELLQUEST software (BD Biosciences).
RT-PCR. RNA was isolated from BMDM by using TRIzol reagent, and cDNA was synthesized from equivalent quantities of RNA by using SuperScript II and oligo(dT) (Invitrogen). PCR was performed by using the following oligonucleotide primers: CRAMP, 5Ј-GCTGATGTCAAAAGAATCAGCG-3Ј and 5Ј-TCCCTCTGGAACTGCATGGTTCC-3Ј; and GAPDH, 5Ј-AGAACATCATCCCTGCATCC-3Ј and 5Ј-CTGGGATG-GAAATTGTGAGG-3Ј.
In Vitro Filamentation Assay. Stationary-phase bacteria were cultured in N-minimal media (pH 7.4 or 5.8) containing 0.1% Casamino acids, 0.3% (vol͞vol) glycerol, and 8 M magnesium chloride, as well as concentrations of synthetic active CRAMP peptide or macrophage lysates, as indicated. Cultures were incubated overnight at 37°C with shaking and examined by microscopy. Filamentous bacteria induced by CRAMP were subsequently incubated with chemical inhibitors for 24 h, as indicated. To quantify the extent of bacterial filamentation, culture OD 560 was measured with a SpectraFluor Plus spectrophotometer (Tecan, Groedig, Austria). Macrophage lysates were prepared by mechanical disruption, and postnuclear supernatants were processed as described (25) .
Statistics. Significance was determined by calculating P values by using an unpaired two-tailed Student t test.
Results
Macrophages Impair Salmonella Cell Division by Using an OxidaseDependent Mechanism. When primary macrophages are infected with S. Typhimurium, there is a decrease in the number of viable intracellular bacteria within the first few hours of infection, and the size of this surviving population then remains relatively stable over the next 20 h (26, 27) . Many of these surviving bacteria exhibited impaired cell division and were unable to complete septation, resulting in filamentous bacteria after 24 h (Fig. 1, DMSO) . BMDM, isolated splenic and peritoneal macrophages, and macrophages within infected mouse spleen were all capable of causing bacterial stress and filamentation ( Fig. 1 and data not shown). We described previously that, by using RAW 264.7 murine macro- phage-like cells, macrophage impairment of bacterial cell division is ROI-dependent and reactive nitrogen intermediate-independent (6) . This phenotype was observed also in BMDM ( Fig. 1 and data not shown). A significant decrease in the number of filamentous bacteria occurred in cells treated with DPI, a chemical inhibitor of ROIs ( Fig. 1) . A similar inhibition of bacterial filamentation was observed by using two other antioxidants, N-acetyl cysteine and acetovanillone (data not shown). S. typhimurium delivers proteins into infected macrophages by using a secretion apparatus encoded on the Salmonella pathogenicity island 2 (SPI2), which inhibit functional assembly of phox on the Salmonella-containing vacuole (4). Bacterial filamentation within macrophages was determined not to depend on SPI2 because no significant difference in the number of cells containing filamentous bacteria was observed when cells were infected with wild-type bacteria, which avoid colocalization with phox, or a SPI2 secretion mutant, which does not divert phox (data not shown). Therefore, we hypothesized that the stressor was not direct oxidative damage but rather an effector regulated by ROIs.
Intracellular Protease Activity Mediates Impaired Salmonella Cell
Division. Neutrophil elastase and cathepsin G activity are regulated by ROIs within early neutrophil phagosomes, and these proteases are important for killing phagocytosed Gram-negative bacteria (11) . We investigated whether protease activity could be the ROI-regulated effector mechanism that causes bacterial filamentation within macrophages. We treated BMDM with a mixture of protease inhibitors and observed a significant decrease in the number of infected cells containing filamentous bacteria after protease inhibitor treatment (data not shown). To determine the pharmacological characteristics of the protease activity or activities correlating with impaired bacterial cell division, cells were treated with individual specific inhibitors. Macrophages treated with the protease inhibitors pepstatin, TLCK, leupeptin, or aprotinin contained filamentous bacteria and were indistinguishable from mocktreated cells (data not shown). In contrast, a significant decrease in the number of macrophages containing filamentous bacteria was observed in cells treated with the broad serine protease inhibitor AEBSF as well as three more specific inhibitors of elastase-like serine protease activity (elastatinal, MeOSuc-AAPA-CMK, and MeOSuc-AAPV-CMK) (Fig. 1B) . Because macrophages can store and secrete proteases, we examined the location of this protease activity relative to Salmonellacontaining vacuoles. BMDM infected with S. typhimurium were examined 8 h after infection, which is immediately before the onset of filamentation and when we hypothesized that a putative effector mechanism would be active in impairing bacterial cell division. Cells were incubated with a cell-permeable elastase substrate carbobenzyloxy-AAAA-rhodamine 110 that fluoresces on cleavage. Fig. 2A shows that infected BMDM contain a protease activity capable of cleaving this substrate in a vesicular distribution with a perinuclear location similar to intracellular Salmonella. This fluorescence pattern was observed also in uninfected cells and cells infected for 24 h, which contain filamentous bacteria (data not shown). Macrophages treated with the serine protease inhibitor AEBSF, which contain fewer filamentous bacteria (Fig. 1) , exhibit significantly decreased substrate proteolysis when the fluorescence of cleaved substrate was quantified by flow cytometry (Fig. 2B) . Treatment with the antioxidants DPI (Fig. 2B) or N-acetylcysteine or acetovanillone (data not shown) did not significantly reduce the substrate cleavage, which is different from the regulation of neutrophil elastase by ROIs within neutrophil phagosomes (11) . To begin to characterize the protease(s), total cell proteins were resolved in a gel containing MeOSuc-Ala-Ala-Pro-Val-para-nitroaniline, a substrate of elastase-like proteases that yields a white precipitate when cleaved. BMDM contain multiple activities that are capable of cleaving this substrate with apparent molecular weights distinct from neutrophil elastase (data not shown).
Macrophages Express the Cathelicidin CRAMP. Mechanisms by which proteolytic activity could cause this replication defect include damaging bacteria directly and activating cationic antimicrobial peptides (28) . We tested the hypothesis that a cathelicidin mediates Salmonella filamentation within macrophages because a synthetic active peptide of indolicidin, a bovine cathelicidin, has been reported to induce bacterial filamentation in vitro (29) . Mice produce a single cathelicidin, named CRAMP. When activated by proteolytic cleavage, the peptide has microbicidal activity against S. typhimurium (24), although its expression or biological function in macrophages has not been reported. By using confocal microscopy and an Ab specific for both the inactive proprotein and proteolytically active CRAMP peptide, BMDM (Fig. 3A) and splenic macrophages infected in vivo or in vitro (data not shown) express CRAMP in a punctate pattern, with more intense staining in the perinuclear region. A similar pattern was observed in uninfected macrophages and was not observed in unpermeabilized cells, indicating that CRAMP is intracellular (data not shown). S. typhimurium resides in a similar perinuclear location, with some overlap with CRAMP (Fig. 3A) . Flow cytometry confirmed that CRAMP is expressed by uninfected macrophages (Fig. 3B , yellow curve) compared with cells incubated with secondary Ab alone (Fig. 3B , gray dotted line) or unpermeabilized cells (data not shown). CRAMP expression was significantly increased in macrophages after Salmonella infection (Fig. 3B, red line) , and this increase was abrogated in infected macrophages pretreated with the antioxidants N-acetyl cysteine (Fig. 3B , blue dashed line, and quantified in Fig.  3C ) or acetovanillone (data not shown). Elevated CRAMP protein in infected cells correlates with an increased abundance of CRAMP mRNA (Fig. 3D) .
CRAMP Mediates Filamentation in
Vitro. An in vitro assay was developed to determine whether chemically synthesized active CRAMP peptide can impair S. typhimurium cell division in a way that is similar to the stressed bacterial morphology (filamentation) within macrophages. As shown in Fig. 4A , 10 M CRAMP induced filamentous bacteria with arrested septum formation at pH 7.4, and this morphology was unaffected by subsequent incubation with protease inhibitors or antioxidants (Fig. 4A and data not shown) . To quantify this increase in bacterial length, wild-type S. typhimurium was cultured with increasing concentrations of CRAMP peptide. An increase in culture OD was observed between 3 and 10 M (Fig. 4b) , which correlated with increasing bacterial length (Fig.  4C , Wild type), whereas cfu remained constant (data not shown). Filamentous bacteria of increasing length were observed at CRAMP concentrations of up to 15 M (Fig. 4C ), but this dose also had a partial bacteriostatic effect, resulting in decreasing culture OD (Fig. 4B) and cfu (data not shown) . A concentration of 20 M CRAMP was bacteriostatic, resulting in nonturbid cultures containing small, round bacteria (Fig. 4C) . The majority of filamentous bacteria were viable (exclusion of propidium iodide), and many of them were motile (microscopic analysis; data not shown). Bacteria incubated in minimal media (pH 7.4) in the presence of the chemical inhibitors used in this study were not impaired in growth or cell division (data not shown). We have observed that filamentous S. Typhimurium, induced by incubation with synthetic CRAMP in vitro, are phagocytosed by macrophages and are rapidly killed (data not shown), suggesting that induction of filamentation could interrupt the cycle of infection.
Salmonella Minimizes Filamentation by Using a PhoP-PhoQ-Dependent Mechanism. Because the PhoP-PhoQ two-component regulatory system mediates Salmonella resistance to other cationic antimicrobial peptides in vitro, PhoP mutants were exposed to CRAMP in vitro. A PhoP null mutant, which is more sensitive to damage from other antimicrobial peptides (19) , exhibited filamentation and the corresponding increase in OD when cultured with 3-5 M CRAMP (Fig. 4 B and C) . Moreover, it was highly susceptible to lower CRAMP concentrations compared with wild-type S. typhimurium, preventing an increase in culture turbidity and yielding small, round bacteria at CRAMP concentrations of 10 M or higher (Fig. 4 B and C) . In contrast, a PhoP C constitutive active mutant, which can modify its LPS structure and decrease its sensitivity to antimicrobial peptides in vitro (20) , does not undergo filamentation (data not shown). Paralleling what was observed in vitro, many wild-type bacteria become filamentous within BMDM, whereas the PhoP null mutant does not (Fig. 4C, macrophage) . A PhoP null mutant in the 14028s strain background demonstrates the same increased susceptibility to CRAMP (data not shown).
Because PhoP-regulated gene expression can protect S. typhimurium from CRAMP in vitro, we investigated whether PhoP regulates resistance to the concentration of CRAMP in macrophages. BMDM from Cnlp Ϫ/Ϫ CRAMP Ϫ and congenic wild-type mice were infected with S. typhimurium (14028s). The presence of CRAMP did not affect the number of bacteria that were internalized by macrophages (data not shown). Significantly more intracellular cfu was observed in CRAMP Ϫ macrophages after 24 h of infection with the S. typhimurium PhoP null mutant (Fig. 4D) . This mutant was more susceptible to impaired cell division and filamentation after in vitro incubation with CRAMP (Fig. 4 B and C) . Similar results were observed by using wild-type and PhoP null mutants in an SL1344 background (data not shown; P Ͻ 0.01; n ϭ 6). In contrast, there was no difference in the number of intracellular cfu within CRAMP ϩ or CRAMP Ϫ macrophages infected with the peptide-resistant PhoP C mutant (Fig. 4D) . Also, three other bacterial mutants attenuated for intramacrophage replication, the auxotroph ⌬aroA and the virulence factor mutants ⌬ssaR and ⌬sifA, are unaffected by the presence of CRAMP (Fig. 4D and data not shown) Therefore, S. typhimurium resists the bacteriostatic activities of CRAMP by a PhoP-dependent mechanism.
CRAMP and Proteases Cooperate to Impair Salmonella Cell Division in
Vitro and in Vivo. To assess whether macrophage proteases could act in combination with CRAMP and impair bacterial cell division directly, macrophage lysates were incubated with S. typhimurium in vitro. Macrophage lysate impaired bacterial cell division and induced filamentation (Fig. 5A ) in a dose-dependent manner (data not shown). Activity was observed at pH 5.8, the predicted pH of the SCV, and higher concentrations of CRAMP were required to induce filamentation at this lower pH (data not shown). Filamentation was more dramatic when bacteria were incubated with a combination of lysate and CRAMP, even at a concentration of CRAMP that induced little filamentation on its own. Filamentation was abrogated by addition of the serine protease inhibitor AEBSF (Fig. 5A ), although this inhibitor alone had no effect on bacterial morphology (data not shown).
To determine whether CRAMP is required to impair bacterial cell division within macrophages, BMDM were derived from Cnlp 
Discussion
We have elucidated previously uncharacterized macrophage effector mechanisms for controlling the replication of a pathogenic bacterium. In addition, we observe interplay between these antibacterial effectors. S. typhimurium infection of macrophages increases intracellular ROIs, which are required for increased expression of the cationic antimicrobial protein CRAMP. Serine protease activity within macrophages impairs bacterial cell division both by proteolytic release of active CRAMP peptide and by a direct mechanism. Elastase-like proteases can be antimicrobial in their enzymatic (12) or nonenzymatic (30) activities. The cooperation between macrophage elastase-like proteases and CRAMP in vitro and in vivo is similar to synergy observed between lysozyme and defensins (31) .
Cationic peptides play a central role in control of microbial infection, and deficiency of LL-37, the human homologue of CRAMP, may lead to susceptibility to chronic skin and oral infections (32, 33) . High concentrations of antimicrobial peptides are stored by neutrophils and are expressed at lower levels by granulocytes, mast cells, keratinocytes, and epithelial cells (28) . Although these antimicrobial peptides can be released, can be activated by extracellular proteases, and serve important roles in the killing of extracellular pathogens, their regulation within phagocytes and their activity against intracellular pathogens or phagocytosed bacteria are not well understood. Ectopic expression of foreign peptides has suggested that peptides can be important mediators of innate immune control of bacterial pathogens. Human LL-37 augments mouse lung defense against Pseudomonas aeruginosa (34), human defensin 5 in the intestine makes mice more resistant to oral challenge with S. typhimurium (35) , and human defensin expression in macrophages controls replication of pathogens such as Mycobacterium tuberculosis (36, 37) . Here, we show the expression, activation, and activity of an endogenous cationic peptide within macrophages, an important target cell of many significant intracellular pathogens. The residual filamentation observed in Cnlp Ϫ/Ϫ macrophages may suggest a contribution by other antimicrobial peptides.
Salmonella resistance to cationic peptides in vitro has been well described. PhoP-PhoQ is a two-component regulatory system that mediates pleiotropic changes in S. typhimurium gene expression (22) . PhoP null mutants are highly susceptible to growth inhibition by peptides in vitro, which is presumably caused by an inability to mediate LPS modifications that protect bacteria from membrane damage from peptides (20) . Here, we show that S. typhimurium is exposed to cationic peptides within the endosomal compartment of macrophages. The increased cfu of Pho null mutants within CRAMP-deficient macrophages provides direct evidence that the PhoP regulon protects S. typhimurium from cationic peptides within macrophages. However, the PhoP-PhoQ regulatory system appears to mediate resistance to other peptides or regulates other virulence phenotypes because removal of CRAMP does not repair the attenuation of the PhoP null mutant fully.
Perhaps the best-characterized antimicrobial effector is the oxidative burst. It has been shown in neutrophils that the influx of ROIs and potassium ions into the phagosome cooperate to activate the serine proteases neutrophil elastase and cathepsin G, and that protease activity is responsible for impaired bacterial survival (11) . Neutrophil elastase can proteolytically cleave virulence proteins secreted by S. typhimurium (38) . However, mature macrophages do not appear to express neutrophil elastase (39) . We detected macrophage serine protease activities demonstrating activity and inhibitor sensitivity similar to elastases. This activity is regulated in a manner that is distinct from elastase in neutrophils because it is not sensitive to inhibitors of ROIs and potassium channels (Fig. 2 and  data not shown) . Rather, we show that an antibacterial effector regulated by ROIs within macrophages is the expression of CRAMP. Therefore, both macrophages and neutrophils possess indirect mechanisms of oxidase-dependent impairment of bacterial replication. In summary, these data indicate that ROIs and intracellular proteases can impair cell division of a bacterial pathogen within macrophages by means of complementary yet independent mechanisms by regulating the expression and activity of an antimicrobial peptide.
